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IN NATURAL SUSPENSION IN THE ATMOSPHERE

By Stuart McCullough and Porter J. Perkins

SUMMARY -

A camers desligned for use in flight bhas been developed by the NACA
Lewls laboratory to photograpk cloud droplets in their nabural suspen=~
sion In the atmosphere. A magnificatlon of 32 times is employed to
distinguish for measurement purposes all slzes of droplets greater
than 5 microns in dlameter. Photographs can be taken at £light speeds
up to 150 miles per hour at S5-second intervels. A fleld area of 0.025
square inch 1s photographed on 7-inch-wildth roll film accommodating
40 exposures on an 18-foot length. Flight bests conducted in cumilus
clouds have shown that approxlmate droplet-size distribution studles
can be obtained and that sbtudies of the microstructure and physics of
clouds ocen be made with the cemera.

INTRODUCTICN

In the study of bthe physlcs of clouds and the meteoralogical fac-
tors that,are condncive to the icing of aircraft, it is necessary to
measure the sizes of the droplets within the clouds. Measuring methods
that involve catching the droplete whlle traveling et £light speeds are
subject to errors resulting from impeet which cannot easily be evalu-
ated. The true slzes of the droplets can best be obtalned whille the
droplets are 1n thelr nabursel suspenslon in the atmosphere. One method
by which this may be accomplished in flight is to take high-speed photo-
graphs of the cloud using a sulteble magnification system to distinguish
the individual droplets. The sizes of the droplets can then be meas~
ured directly from the film with an accuracy that mey be easily evalu-
ated in the laboratory. This teckinique has been invesatigated by the
National Research Council of Canada (reference 1).

Reported herein ls a description of a camera and associated equip-
ment for photographling cloud droplets in flight. The camera was con=~
gbructed and fllght tested at the NACA lewis laboratory.
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DESIGN CONSIDERATIONS

Three opticel systems considered for the camere were based on
(1) the use of reflected light from the cloud droplets, (2) dark field
11lumination whereby the droplets are made vislible by refraction, and
(3) light field illuminstion in which the droplets appear as shadows.
It is extremely difficult to illuminate the droplets in such a manner
thet the reflected or refracted light will define the perimeter of the
droplets agalnst a dark background. The shadowgraph method was selected
for this camera because of the easier i1lluminstion problem and because
of the better oonbrast obtained with the shadow of the droplet focused
on the film. It appears that the diffraction effects encountered near
the limit of resolution of an optical system do not diminish the con-
trast at the edge of the image as mnch with a dark image as with a
bright one.

A schematlo diagram of an elementary shedowgraph opbtlcal system
and camera is shown in figure 1. The first consideration in the design
of such & system is the resolving power of the objeotlive lens. From
a standpolint of physlcal optics it haes been shown that

L
Xa)\]—)-

where

X the minimum distance resolved
L  object distance

D lens dlemeter

A wave lengbth of light

In view of the fact that avallable panchromatic roll film is sensitive
to about 7000 engstroms and it 1s desired to resolve S-mioron particles,
the use of this formmle gives en L/D value of 7. This value is the
theoretical resolutlon of two bright polints by a perfect lens. Any
lens aberrationa wlll requlre that this velue be depressed. It has
been experimentally determined that, in order to acourately correlate
image dlameters with oblect diameters in a shedowgraph system, the
value of L/D mst be reduced &t least 15 percent, giving a maximm
value of 6. Images of small-size particles that are near the 1limit of
resolution of an optical system will generally have less depth of focus
and apparent magnification then an image of larger pexrticles. This op-
tlcal cheracteristic is the result of diffraction effects.
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The depth of focus of & lens can be approximetely expressed as

AL=O°'ZFL

where AL 1is the depth of foous and Oy 1s the diameter of the virtnal
Image of the cirecle of confuslion as referred to the cbject plene. The
magnification is espproximately inversely proporitional to the objeot
dlgtance and, therefore, a lerge depth of focus would cause excesslve
varlgtion in magnifiocation. It i1s deslred, however, to photograph e
maximm volume of cloud, whiloh would indlcate the desirabllity of a
large depth of focus and a still larger object distance. A clearance

of about 4 inches bebtween the objectlive lens and the cobject plane weas
considered essentisl in order to be reasonably certain that the droplets
were not being disturbed by the camera body before reaching the fleld

of view. Czaloulatlons based on these values lndlcated that variation
in magnification would not be a problem but that the volume to be photo-
graphed would be relatively smmll.

The grain size of roll film of moderate speed 1s of the order of
25 miorons. Experlence indlcated that e minimim magnification of 25
times was requlred to obtaln an image of a S-micron object with suffi-
cient ocontrast to be accurately measured on the £ilm., A camera 9 feet
long would be reguired to obtain this magnification with a simple slingle-
lens system. TIn order to reduce thls length and simplify obher deslgn
conslderations, s two-lens system wes adopted as shown in figure 2. In
this sytem an enlarged intermedliate lmage of the oblect ls formed be~
tween the two lenses near the second or projectlon lens,

The large relative veloolty of camera and droplets at flight
speeds requires that a very short exposure or some method of compensa.ting
for this velocity or a combinstlon of both be used for stopping the im-
age of the droplets on the Film. At the time the camera was designed,
the fastest sulteble spark that was avallable was approximately 0.1 mi-
orosecond. (reference 2). The minimmm airspeed at which the camere would
be requlred to operate in flight was taken as 150 miles per hour, at
which speed & droplet would move 6 microns in 0.1 microsecond. Although
limited droplet-slize measurements could be mede from the resultent
photogra.phic Images taken in this exposure perlod, it was declded to
compensate this mobion by the use of & roteting mirror. The rotetional
speed of the mirror was adjusted to ocxnpensa‘be for & linear veloclty
of 150 miles per hour,



4 NACA REM ESOKOle

DESCRIPTION OF INSTRUMENT

Construction. ~ A 3-inch F4.5 enlarging Ektar lens and a 50-mm F1.9
Ektar lens were selected for this application, because of their suit-
able correction. The permissible angular aperture of the system was
found to be limlted by the avallable camera, which uses 7-inch~-width
roll f£ilm, rather than by the correction of the objective lens.

An image of the light source was formed by the condensing lenses
mounted in the light-source housing at a point between the obJject plane
and the obJectlve lens. Thils arrangement wes requlired because the dlam=-
eter of the field of view was less than the diameter of the objective
lens and the apertures of both the objective and the projection lenses
require illumination from all poinbts in the field of view. This light-
beam configuration produced the best resolution and alsc provided a
small image of the llght source behind the projection lens where the
small rotating mirror was located., A 400-cycle induction motor was used
to drive the rotating mirror at speeds near 10,000 rpm. Motor speed,
being a function of luverter freguency, did not need to be measured or
otherwlise regulated. The Inverter governor was set to correspond to
the mean crulsing speed (150 mph) of the alrcraft in which the camera
was instalied.

The flesh from the gpark light source mmuet be initiated when the
siutter of the camera is open and within a few mlicroseconds of the time
when the rotating mirror is In the proper angular poslition. The unilt
that synchronizes the light source with the rotating mirror (fig. 3)
employs a small cup on the end of the induction motor shaft. The cup
has a small hole in one side. The imege of a lamp located at one end
of ‘the unit is focused on thims hole so that one pulee of light is ad-~
mitted to a photocell each revolutlon. The electrical pnlee thus pro=-
duced in the photocell has a fast rise tlme and is of several micro-
seconds duratlon. This synchronizing pulse signal is first passed
through s cathode follower in the synchronizing unit to lower the im-
pedance for transmission to the pulsing unit (fig. 4). The signal is
then passed through a pulse amplifier of conventionel design (fig. 5)
equipped with an interlocking circuit comnected to the cemera shutter.
Thus, when the shutter has opened, the plate circuit of the cathode
Pollower output tube is completed through a condenser and the next
pulse ie applied to the grid of the 5C22 hydrogen thyratron tube. The
tube becomes conducting, and the condenser connected to ground is dis-
charged through the series cirouit consisting of tube, inductance, and
condenser. Energy is thus trensferred to the inductance from the con=-
denser and, as thils oscillation contimies, is returned to the condenser
but of opposite polarity. The tube then deionizes sc that the oscllla-
tion is terminated after its first half cycle. The condensers are
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then In series and & voltage pulse of magnitude nearly double the sup-
ply voltage 1ls applied to the light source. The considerations concerm-

Ing the use of this type of pulsed light source are discussed in detall
in reference 2. o

The light source consisted of two 0.007 X 0.1 inch magnesium rib-
bon electrodes spaced 1/4 inch apart end sandwiched between gquartz in-
sulating plates. The light emitted from the thin side of the electrodes
is used, thus obtaining & near polnt light source. The light-source
holder (fig. 4) was made removable from Inside the airplane to provide
for possible service In flight, This convenlence haes not proved es-
sential, but the light source’s being removable from the housing with
caeble attached has greably simplified assembly, disassembly, service,
and electricel insunlation.

The mechanlsm of an eerlal cameras (K-21) was incorporabed with
some modifications. This camers is an electrlcally operated anbtomatic
unit using 7-Inch width roll £film in 18-foot lengths., It is eguipped
with a focal-plene shutter and a palr of hinged doors that alsc oper=-
ate ag a shutter and normelly close while the focal-plane smbtter is
being rewound. The original cemersa lens, lens mount, and focal-plane
shutter were removed and & switch was added that mekes contact when
‘the shutter doors are open. This interlock switch was previously des-
cribed in the synchronizing circuit.

Mounting on alrpiane. - Problems associated with mounting the
cemera on the airplane dictated 1ts external configuration (fig. 6).
The film-transport mechanism znd synchronizing unit were mounted 1ln-
side the airplene. In order to place the object plane as far from
the skin of the alrplane as possible, the lighbt-socurce housing wes
supported about 18 inches from the slrplane by five stainless-steel
tubular struts.

One end of each strut was atbtached to the light-source housing
wlth a stud that wes silver-soldered to the shell, The othexr end of
each strut was abtached with flanged unions to a mounbing plate on the
camere body loocated inside the airplane. The unlons permit dlsassembly
of the light-gource hougsing from the camers hody to facilitate mount-
ing the entire unit on the alrplane. Upon reassembly the opbical sys-
tem 1s alined without requiring any adjustments. Flgure 7 is & photo-
graph of the camera mounted on & twin-engine alrcraft.

Operation. - The thyratron tube requires a S-minute minimm werm-
up period before pulsing. After the unit 1s loaded with fiim and suf-
ficiently werm, operatlon is controlled by the standby switch, which
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turns on the prism motor end high voltage, and the operating pushbubton.
A photograph is auntomatically taken each time the pushbubtbton is de-~
presesed. Ko synchronlizing edJustments are required within 440 miles
per hour of the intended alrspeed. This allowable variation is of con=-
slderable advantage when maneuvering the alrplane to shbudy different
portions of & cloud.

TYPICAIL DATA

Measurements of the properties of the optical system indicate that
the area of the fleld recorded on the film is 0,025 square inch, al-
though the optical system is useful at full resolution at mich more
than this area. Depth of sherp focus for S-micron particles is 0.012
inch, and for sharp focuis of 10-micron particles end larger 1t 1ls 0.020
inch, Magnlfication 1s 31.6 times. With an object distance of approxi-
mately 4 Inches, errors in megnification are negligible, being a total
variation of less than 1/2 percent for sharp focus and 2 percent for
anything thet is defined on the f1lm, If the exposed lenser become
wet or frosted when the cloud is heavy, some light will be dispersed
and the contrast of the droplet shadows will be less. No data have
been lost as a result of thls effect.

Portions from several photogrephs teken during flight through
cummlue clouds are shown in figure 8. These areas have been enlarged
sbout 3 times from the original negatives to facilitate diameter meas-
urements of the droplet images. The nmumber of droplets photographed
for each exposure varled from about 12 droplets to no droplets within
the field of view. It wes extremely difficult from visual observatlons
to determine the more dense parts of the clouds where a greater number
of droplets for a glven area can be expected. During one cloud survey,
a total of 24 exposures provided only 109 droplet images sultable for
measurement. These datse are shown in figure 9, where the cummlative
frequency distribution of the droplet sizes 1s plotted on a probablility
gcale. These data indiocate that studies of droplet-size distrlibutions
are pogsible with the camers provided a lerge number of photographs
can be obtalined.

The value of this camersa ls pobt necessarily confined to the mees-
urenent and analysis of droplet silzes. Studies of the microstructure
of clouds cen be conducted with regard to cloud development Including
droplet mmcleation, growth, coagulation, and evaporation, Phase changes
can &lso be detected. Ice orystals and snow flakes can easily be dis-
tingulshed from each other and from liguid droplets. Various types of
lce crystels photographed while in nasturel suspension are shown in
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figure 10. The lirregular shapes of the images identify the lce ory-
stals. These pictures were obtalned in a leboratory clond chamber
where corystallization of liguid droplets can be controlled.

CONCLUDING REMARKS

A camere designed for use in flight has been developed by the
NACA Iewls laboratory to phobtograph cloud droplebs in their natursl
suspension in the atmosphere. All sizes of droplets above S-micron
dlemeter can be measured from the droplet imeges on the flim. A shadow~-
graph technigue 1s employed with an optical system providing a megnil-
ficabtion of 32 times. A fleld area of 0,025 square inch is photographed
on 7-inch-width roll film acoomodating 40 exposures on an 1l8-foot
length. Photographs can be taken at flight speeds up to 150 miles per
hour at S-second intervals.

Experiments conducted with the camera in flight and 1n the labora-~
tory have provided the following results:

1. Cloud droplet-size dlstribution studles are possible provided
& large number of photographs are used.

2. The photographs provide a means of studying the microstructure
of clouds snd the physlcal phenocmena involved in cloud development and
dissipation.

3. Images of ice crystals and snow flakes can be distinguished
from each other and from liguid droplets.

Lewis Flight Propulsion Laboratory,
National Advisory Committee for Aeronautics,
Cleveland, Ohilo.
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“Figure 1. - Bchematlo dlagram of elspentary ghadowgraph cptical aystem, . I
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Figure 4. - Pulsing unit
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Figurs 6, -~ Gensral view of droplel cemera,
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Figure 7. - Droplet-oamera mounted on alrplene.
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Figure 8. - FPhotographs of cloud droplets taken in flight with droplet camera.
are fram severel negatlves and enlarged approximately 3 times.
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Figure 10, - Ice
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crystals suspended in cloud chamber &s photographed by droplet camera.
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